The authors compared the accuracy of laser surface scanning patient registration using the commercially available Fazer (Medtronic, Inc.) with the conventional registration procedure based on fiducial markers (FMs) in computerassisted surgery.
NE of the central tasks in computer-assisted surgical navigation is the alignment of corresponding anatomical structures in the patient and imaging data, most frequently acquired through CT scanning or magnetic resonance imaging. This process is called registration. Registration is the crucial step determining the accuracy of treatment. Common registration techniques are based on FMs, small points that are attached to the patient's bone, such as spheres with a diameter of 1.0 mm or microscrews. 5 Another established approach involves the use of a commercially available laser unit to perform a contactless surface scan. The laser unit generates a set of a large number of points on the patient's skin that are automatically matched with the corresponding region within the CT scanning data. 7 Contactless laser surface scan registration is intended to be time saving and noninvasive. The number of points that are included in this algorithm varies widely in different systems, ranging from less than 1000 to 300,000 points. The number of points has a notable influence on the accuracy of the registration. [8] [9] [10] [11] Marmulla and colleagues 11 have reported that Comparison of laser surface scanning and fiducial marker-based registration in frameless stereotaxy laser scan registration can be as accurate as registration based on rigidly fixed titanium screws (that is, FMs; mean accuracy 1.2 mm). Another registration method is based on ultrasound, and similar accuracies have been reported for this method.
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The most relevant aspect for routine clinical application of laser surface scanning is the actual accuracy of the technique. In their recent studies, Marmulla and colleagues [8] [9] [10] [11] used the SSNϩϩ system (which is based on the Surgical Segment Navigator [SSN] , developed by this group in cooperation with Carl Zeiss) for the laser surface scan. This system allows for a high degree of accuracy (as long as a sufficient number of surface points are included in the scan) and represents an important innovation for scientific research, but there are relatively few installations in clinical use internationally compared, for example, with the Fazer (part of the StealthStation Treon; Medtronic, Inc.). When a Fazer is used in the field of craniomaxillofacial or ear, nose, and throat surgery, only 300 points are acquired during a surface scan of the face. For laser scans that included 6000 or fewer points (low-resolution laser scans) Marmulla et al. 9 reported inaccuracies of up to 6.0 mm using their system, a level of inaccuracy that would not be acceptable for any surgical intervention. Another well-known commercial laser-based registration device, the Z-touch (BrainLab AG), works with only about 200 points; in a study of laser surface scanning using this device, 12 the mean application accuracy (mean measured deviation) Ϯ SD was reported as 2.4 Ϯ 1.7 mm (range 1.0-9.0 mm). Experiments conducted by other authors 13 using the Z-touch (Brainlab AG) resulted in mean accuracy of 2.77 Ϯ 1.64 mm. However, for the widely used Fazer, no systematic investigations of the actual registration quality have been published as of this writing. In our study, we focus on this topic and apply a study design that facilitates direct comparison between registration based on FMs and registration based on laser surface scanning with the Fazer. The subject of our investigation is not the absolute accuracy (that is, an evaluation of measurements of absolute spatial positions), but the comparison with the well-established "conventional" method of registration based on FMs.
Materials and Methods

Specimen Preparation and CT Scanning
Four fresh-frozen cadaveric heads were used in this study. All four head specimens were from individuals who voluntarily provided their bodies to the Center of Anatomy and Cell Biology of the Medical University of Vienna. We did not use substitutes such as plastic phantoms because the optical characteristics of the surface of such products are likely to differ from those of patients' skin. Ten titanium microscrews (diameter 1.0 mm, length 4.0 mm) were placed at the following locations on each of the four skulls: 1) the sides of the right and left maxillae, 2) the upper margin of the right and left orbits, 3) the zygomatic arches, and 4) the calvaria. We tried to choose a distribution pattern for the FMs that would represent a common situation in neurosurgery. Figure 1 shows the FMs inserted at the upper margin of an orbit. After being prepared in this manner, the skulls were scanned using a 16-slice spiral CT unit (Philips Brilliance CT 16 Power, Philips; 16-row collimation at a pitch of 0.75, 1-mm slice thickness, 1-mm increments, 0.75-second rotation time, 120 kV, 150 mA per slice, high resolution, filter D). While measurements were being obtained, the skulls were held in place by means of the Vertek (Medtronic, Inc.) biopsy system (Fig. 2) .
Registration Procedure and Measurements
To compare the registration based on the laser surface scan with the FM-based registration, both methods were applied five times for each skull (40 registrations were performed in all). For every registration, the RMSE was recorded as displayed by the system. We included five microscrews (FMs) in every FM-based registration. These five FMs were selected out of the 10 implanted microscrews according to a randomization protocol. Then we measured coordinates of the five FMs that had not been used in this registration. The coordinate measurement was done by touching the FMs with a stylus and then manually measuring the coordinates of the corresponding points on the com- puter screen. Pixel data were converted into millimeter values, and the deviations were calculated using elementary mathematics (Figs. 3 and 4) . The measurements obtained after laser surface scan registration with the Fazer (based on 300 surface points) were accomplished in the same manner. During the registration process, the Fazer measures its own distance from the patient's skin surface, while the position of the device is recorded by an active optical tracking system using light emitting diodes in the Fazer (Fig. 5) .
Statistical Analysis
The results of the measurements are presented by means of descriptive statistics and box-and-whiskers plots. The mean errors of the two registration methods were compared using the Welch two-sample t-test (comparison of the arithmetic means) to determine whether there were significant differences between them. Additionally, an ANOVA was calculated, and the F-test was performed, addressing the hypothesis "the means are equal."
Results
The RMSE values for five registrations for each of the four specimens ranged from 1.3 to 3.2 mm for the Fazer (mean 1.8 mm) and from 0.3 to 1.8 mm for FM-based registration (mean 1.0 mm). The SD for the RMSE values was 0.4 mm for both methods (Fig. 6) . The overall mean deviations (arithmetic mean of the mean deviations of mea- Table 1 and Figs. 7 and 8.
Using the Welch two-sample t-test, we found a probability value of 4.156 ϫ 10
Ϫ11
, therefore the true difference in the means is not equal to 0. The ANOVA F-test also supports this finding; the probability that both registration methods result in the same mean deviations is 1.009 ϫ 10
. In other words, the difference between these two methods is highly significant.
Discussion
Our results reveal that FM-based registration is significantly more accurate than the laser scan-based surface registration with the Fazer (the Welch two-sample t-test and the ANOVA F-test led to the same interpretation). Whereas the overall deviations with the laser-based method were 3.0 mm, they were only 1.4 mm with the FM-based method. This finding concerning FM-based registration corresponds well with the published results-for example, those of Marmulla and colleagues, 11 who reported a mean accuracy of 1.2 mm using rigidly fixed titanium screws-but there is a notable discrepancy in the results obtained using the laser surface scan. Marmulla et al. 11 have found that "... laser scan registration... may achieve the same accuracy as a patient registration made by rigidly fixed titanium screws... as long as high-resolution laser scan is being used." This finding illustrates the importance of including a sufficient number of points in surface-based registration. Marmulla et al. 11 have focused on this aspect and state that "A high accuracy of the data correlation can be achieved if the number of the laser scan cloud points is about the same as the number of voxels of the corresponding surface on the CT data set." In their study these authors used their SSNϩϩ navigation system, which captures up to 180,000 surface points. In a previous work Marmulla and colleagues 8 systematically investigated the influence of the number of surface registration points on the resulting accuracy. For registrations based on 3750 to 300,000 surface points, they have measured mean deviations ranging from 6 mm with the low-resolution laser scans up to 1.1 mm with the high-resolution scans. The Fazer is commercially available and is in widespread use for routine clinical applications (for example, neurosurgery, and orthopedic and ear, nose, and throat surgery) than the SSNϩϩ system, but the Fazer includes only 300 points in the laser surface scan. Considering this fact, deviations of
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Laser surface scanning and fiducial marker-based registration 707 Fig. 5 . Left: Photograph of the Fazer. The Fazer measures the distance to the surface with a laser beam. Light-emitting diodes in the device serve as reference points for the active optical tracking system. Right: Screen shot showing the Fazer-generated points. With this method, a set of points is generated on the surface of the patient's skin. 3.0 mm with the Fazer seem to represent relatively good results. Nevertheless, we want to emphasize that in our experimental setting we also included surface points, for example at the parietal and occipital bones-that is, we provided an increased scanning area, facilitating distribution of the points over a larger area compared with what might be expected with actual patient registration in the operating room. This fact might contribute to our having achieved "relatively good" accuracy, despite the small total number of scanned surface points. Furthermore, in our setting no mechanical stress was applied to either the bone or the soft tissues. Therefore, almost no or only very slight surface deformations occurred during our measurements. In a clinical setting, however, such deformations can never be completely avoided due to patient positioning or intubation requirements. Our measurements for FM-based registration simulated a realistic intraoperative situation, while the measurements for the Fazer registration have been done under conditions that represent something like the optimum situation that could be achieved under common operating room circumstances. In an operating room setting, the accuracies with the Fazer would usually be likely to decrease, leading to our recommendation to increase the number of laserscanned surface points significantly (according to the reports of Marmulla et al. [8] [9] [10] [11] based on findings using their research equipment).
In addition to accuracy, invasiveness is a crucial criterion for the application of a registration method. Laser surface scans are often described as noninvasive. This is true in many cases, when the laser scan exempts the patients from the insertion of the FMs (for example, titanium microscrews). Nevertheless we think that laser scan registration is not always less invasive, especially for patients who do not require a CT scan of the whole face including the orbital region. When the orbits and parts of the frontal bone (and the brain) are subjected to CT only to provide sufficient relief for laser scan surface registration, we assume that the CT scan is even more invasive than the insertion of some microscrews. The introduction to clinical routine of other patient-friendly registration methods such as 2D-3D registration based on intraoperative radiographs will show whether FMs can be replaced for operations requiring a high degree of registration accuracy. 1, 4, 6 The question of whether the use of laser surface scanning for registration saves time as compared with the use of FMs cannot be definitively answered on the basis of our results. We observed that there was a learning curve for the use of the Fazer, so the time expenditure involved should be systematically examined in future investigations.
The question of whether laser surface scanning or FMbased registration should be preferred has to be considered in the context of actual clinical cases. What accuracy is required? Are the CT data already available? If, for example, a CT scan without FMs has already been acquired (without considering an intraoperative navigation) and the accuracy of the laser surface scan is sufficient for this specific purpose, there is no indication for inserting FMs and obtaining an additional CT scan. On the other hand, FM-based registration would be preferable when a high degree of accuracy is mandatory. In any case, it is important to be aware of the limitations of the registration method applied.
Conclusions
The results of this study reveal that laser surface scanning registration with the Fazer is significantly less accurate than registration based on FMs. The inclusion of a larger number of registration points might improve the accuracy.
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